Abstract. The mitochondria are highly dynamic organelles, carefully maintaining network homeostasis by regulating mitochondrial fusion and fission. Mitochondrial dynamics are involved in the regulation of a variety of pathophysiological processes, including cell proliferation. Oxidative stress serves an important role in the remodeling of arterial vascular tissue in diabetic patients by affecting the proliferation of vascular smooth muscle cells (VSMCs). Salidroside is the primary active component of Rhodiola rosea and has been demonstrated to be an antioxidant with cardio-and vascular-protective effects, in addition to improving glucose metabolism. Therefore, the present study aimed to examine the impact of Salidroside on VSMC proliferation, reactive oxygen species (ROS) generation and mitochondrial dynamics under high glucose conditions and the potential mechanisms involved. The current study used Salidroside and a mitochondrial division inhibitor, specifically of Drp1 (Mdivi-1) to treat VSMCs under high glucose conditions for 24 h and assessed VSMCs proliferation, the state of mitochondrial fission and fusion and the expression level of proteins related to mitochondrial dynamics including dynamin-related protein (Drp1) and mitofusin 2 (Mfn2), ROS level and nicotinamide adenine dinucleotide phosphate oxidase activity. The results of the present study indicate that Salidroside and Mdivi-1 inhibit VSMC proliferation, Drp1 expression and oxidative stress and upregulate Mfn2 expression (all P<0.05). The inhibitive effect on VSMC proliferation may be partly reversed by exogenous ROS. In addition, the inhibitive effect on VSMCs proliferation and oxidative stress may also be in part reversed by Mfn2-siRNA. Collectively, these data suggest that Salidroside inhibits VSMCs proliferation induced by high-glucose and may perform its therapeutic effect via maintaining mitochondrial dynamic homeostasis and regulating oxidative stress level, with Mfn2 as a therapeutic target.
Introduction
Cardiovascular diseases remain a leading cause for morbidity and mortality worldwide, although there have been a number of in-depth basic and clinical studies (1, 2) . Diabetes (DM) is a risk factor for coronary heart disease and significantly increases the incidence of cardiovascular diseases. In addition, mortality resulting from ischemic cardiovascular complications account for 75% of all mortality associated with diabetes (3) .
Cardiovascular complications, such as accelerated atherosclerosis are associated with a number of cellular and subcellular changes in the vessels (4) . It is generally accepted that vessels affected by DM exhibit altered vasomotor function (5) . In particular, vascular smooth muscle cells (VSMCs) in patients with DM serve a critical role in numerous cardiovascular pathologies (6) .
Oxidative stress serves an important role in the remodeling of arterial vascular tissue in patients with diabetes by affecting the proliferation and apoptotic balance of VSMCs, in addition to extracellular matrix synthesis (7) . Following high-glucose stimulation, intracellular oxygen free radicals accumulate and act as intracellular messengers that activate various cellular pathways, inhibit nitric oxide synthase activity and ultimately induce the proliferation of smooth muscle cells (8) . The exact mechanism of this process remains unclear, although it is may be associated with glucose auto-oxidation, over-activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (9) , activation of sarcoma viral oncogene (10) , non-enzymatic glycosylation of proteins, increased activity of the polyol pathway, protein kinase C activation (11) and weakened scavenging activities of antioxidant systems. A previous study demonstrated that the addition of antioxidants or free radical scavengers reduced oxygen radical levels under high-glucose conditions, thereby inhibiting the proliferation of VSMCs (12) .
In mammalian cells, mitochondria act to produce ene rgy, regulate cell signaling pathways and cell growth, generate reactive oxygen species (ROS) and apoptosis. The mitochondrion is a highly dynamic organelle maintaining the homeostasis in a cell by constant fusion and fission, a process called mitochondrial dynamics. The relative speed of mitochondrial fusion-fission determines organelle shape, number and distribution. This process is precisely regulated by a series of dyneins associated with guanosine triphosphate enzymes (13) . These enzymes include mitochondrial fusion-related protein mitofusin 1 (Mfn1), mitofusin 2 (Mfn2) and optic atrophy 1 (Opa1) protein, mitochondrial fission-related protein dynamin-related protein (Drp1) and fission 1 (Fis1) protein. An increasing number of studies (14, 15) have identified a variety of proteins involved in mitochondrial dynamics that are associated with VSMC proliferation, which therefore implicates these proteins as potential drug targets. However, no direct evidence has been provided to support the hypothesis that mitochondrial dynamics participate in high-glucose induced VSCM proliferation, and the mechanism remains to be elucidated.
In addition to produce adenosine triphosphate (ATP) for the cell, mitochondria are also the primary site of ROS production. A mutual regulation between mitochondrial dynamic changes and oxidative stress levels has been identified. When arterial VSMCs were isolated and exposed to high oxygen levels, excessive fission of mitochondria was observed, in addition to damage to the mitochondrial network structure (16) , indicating that ROS levels may affect mitochondrial fission. However, the direct impact of high oxidative stress levels on mitochondrial dynamic changes in the diabetic state remains to be elucidated.
Salidroside (p-hydroxyphenethyl-bD-glucoside) is the primary active ingredient in Rhodiola rosea, a plant used in traditional Chinese medicine (17) . Previous studies have revealed that Salidroside has protective effects on the nerve, heart, liver and vascular system and may also have beneficial effects on glucose metabolism (18) (19) (20) (21) (22) . Furthermore, it has already been demonstrated that Salidroside may counteract the severe oxidative damage induced in vitro by hypochlorous acid in human red blood cells (23, 24) . However, extensive evidence of the role of Salidroside in the prevention and treatment of cardiovascular diseases, the mechanism and precise association between Salidroside and its protective effects on VSMCs in diabetes are not completely understood.
The present study hypothesized that Salidroside may inhibit high glucose (HG)-induced excessive proliferation of VSMCs, resulting from changes to mitochondrial dynamics and ROS levels. In addition, these metabolic changes were compared with alterations in the level of the mitochondrial inhibition of Mdivi-1 at the same time. The present study attempts to investigate the molecular mechanisms underlying the potential protective effect of Salidroside on VSMCs.
Materials and methods
Cell culture and reagents. The present study was conducted using vascular smooth muscle cells purchased from the Shanghai RanTai Biological Company (Shanghai, China). The vascular smooth muscle cells were isolated from the aorta of 6-8 week-old male Sprague Dawley rats using an enzymatic digestion method prior to purchase. Cells were cultured in growth medium containing Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), 1% minimum essential medium containing nonessential amino acids (25-025-CI; Corning Life Sciences, Corning, NY, USA) and 500 µg/ml penicillin/streptomycin (Gibco; Thermo Fisher Scientific, Inc.) under 5% CO 2 at 37˚C. The VSMCs were then treated with 10 and 25 µM Mdivi-1 (Sigma-Aldrich; Merck KGaA) or 0.3 and 0.5 mM Salidroside (Abcam, Cambridge, UK) for 24 h either in low-glucose (5 mM) or high-glucose (25 mM) conditions. In addition, two subgroups of VSMCs treated with Salidroside under high-glucose conditions were treated with H 2 O 2 (25 mM) for 2 h at 5% CO 2 and 37˚C to increase levels of ROS, or with Mfn2-siRNA.
RNA interference and transfection. Small double-stranded RNAs (siRNAs) against rat Mfn2 and control sequences were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). The primer sequences for targeting of MFN2 were as follows: Forward, 5'-CAA GCA CUU UGU CAC UGC CAA GAA A-3' and reverse, 5'-UUU CUU CGG CAG UGA CAA AGU GCU UG-3'. The negative control scramble siRNA primer sequences were as follows: Forward, 5'-CCU CUU ACC UCA GUU ACA AUU UAU A-3' and reverse, 5'-UAU AAA UUG UAA CUG AGG UAA GAG G-3'. After 2 days of culture as above, 1x10 6 VSMCs were seeded into 6-well plates (Corning, USA). After 1 day, cells at ~90% confluence were co-transfected with siRNA and a EGFP pCDNA-plasmid, as a control to determine transfection efficiency, using Lipofectamine ™ 2000 (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Medium was refreshed 1 day after transfection and cells were grown for a further 2 days at 5% CO 2 in a 37˚C incubator.
Measurement of cell proliferation.
A bromodeoxyuridine (BrdU) assay was used to evaluate cell proliferation. The cells were treated with BrdU (Sigma-Aldrich; Merck KGaA) for 2 h and incubated with an anti-BrdU antibody (1:100; B8434; Sigma-Aldrich; Merck KGaA) overnight at 4˚C, followed by incubation with Alexa Fluor ® dyes for 2 min at room temperature (1:200; Invitrogen; Thermo Fisher Scientific, Inc.). ELISA reader (Carl Zeiss AG, Oberkochen, Germany) with a 450 nm filter was used to analyze the cellular incorporation of BrdU.
Confocal laser scanning fluorescence microscope. Confocal fluorescence microscopy was performed using a Laser Scanning Confocal Microscope (TCS SP5; Leica Microsystems, Inc., Buffalo Grove, IL, USA). Following drug treatment, the cells were incubated for 30 min at room temperature with 100 nM Mito-Tracker Red (Beyotime Institute of Biotechnology, Haimen, China) to stain the inner mitochondrial membrane and the cells were imaged at x400 magnification. Image J software (V 2.1.4.7; National Institutes of Health, Bethesda, MA, USA) was used to analyze the mitochondrial fragmentation count (MFC).
Western blot analysis. Following treatment with Salidroside and Mdivi-1 for 24 h, 1x10 6 cells were harvested and lysed in radio-immunoprecipitation assay buffer with 1 mM phenylmethylsulfonyl fluoride at 4˚C, then centrifuged at 12,000 x g for 10 min at 4˚C. Total protein was quantified using the bicinchoninic acid method (Beijing CoWin Biotech Co., Ltd., Beijing, China) and lysates (200 µl) containing 2 mg total protein were boiled for 8 min in 800 µl 5X SDS Loading sample buffer, after which 10 µl of each sample was collected. Samples were then separated by 12% SDS-PAGE and transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA) using standard procedures (25) . Membranes were then blocked with 5% non-fat dry skimmed milk (Sigma-Aldrich; Merck KGaA) in a 0.05% tris-buffered saline with Tween-20 solution (containing 20 mM/L Tris, pH 7.6, 137 mM/L NaCl and 0.05% Tween) for 1 h at room temperature. Subsequently, the blots were probed with the following primary antibodies at 4˚C overnight: Mouse anti-Drp 1 (ab56788; 1:500; Abcam), mouse anti-Mfn2 (ab56889; 1:500; Abcam) and Rabbit anti-GAPDH (sc-47724; 1:1,000; EPR16891; Santa Cruz Biotechnology, Inc.). The blot was then washed with Tris-buffered saline with Tween-20 (150 mM NaCl, 10 mM Tris, 0.05% Tween-20; pH 8.0) and incubated with the secondary goat anti-mouse antibodies (sc-2039; 1:5,000; Santa Cruz Biotechnology, Inc.) for 1 h at room temperature. Finally an enhanced chemiluminescence kit (345818; EMD Millipore) was used for signal detection. Three independent experiments were performed.
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was isolated from VSMCs using a total RNA extraction kit (Takara MiniBEST Plant RNA Extraction kit; Takara Bio, Inc., Otsu, Japan). Reverse transcription of 1,000 ng total RNA in a 20 ul system was performed using a cDNA Synthesis Reverse Transcriptase kit (PrimeScriptTM reagent kit; Takara Bio, Inc.) according to the manufacturer's protocol. Primer sequences were designed with Beacon Designer ™ Software (Premier Biosoft, Palo Alto, CA, USA; Table I ). RT-PCR was carried out in a 20 µl total reaction volume containing 6 µl H 2 O, 10 µl SYBR Premix Ex Taq II (Takara Bio, Inc.), 0.4 µl ROX Reference Dye, 0.8 µl of each primer (10 µM each), and 2 µl cDNA using a ABI PRISM 7500 Sequence Detection System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The expression levels of mRNA for target genes were normalized using GAPDH as a reference gene. Finally, relative mRNA expression ratios were calculated with a mathematical model: (26) . Three independent experiments were performed.
Measurement of ROS levels and NADPH oxidase activity (ELISA assay).
The concentration of ROS in VSMCs was measured using a dichloro-dihydro-fluorescein diacetate-ELISA assay (ROS activity assay kit; Nanjing JianCheng Bioengineering Institute, Nanjing, China), according to the manufacturer's instructions. NADPH oxidase activity was measured using NADPH oxidase activity assay kit (Genmed Scientifics, Inc., Wilmington, DE, USA) according to the manufacturer's protocol.
Statistical analysis. All quantitative data and experiments described in the present study were repeated at least three times. Results were expressed as mean ± standard deviation. Differences between groups were analyzed statistically by student's T-test (two groups) or one-way analysis of variance (multiple groups) followed by Tukey post hoc test using SPSS, version 15.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to represent statistically significant differences.
Results
Salidroside inhibits vascular smooth muscle cell proliferation induced by high glucose. Under high glucose conditions, Salidroside significantly inhibited the hyper-proliferation of VSMCs in a concentration-dependent manner (P<0.05; Fig. 1) . A similar effect was observed in Mdivi-1. The effect of 0.5 mM Salidroside had no statistical difference with that of 10 µM Mdivi-1 (Fig. 1) . Previous results have demonstrated that proteins involved in mitochondrial dynamics are associated with VSMC proliferation (27) . Collectively, these results suggest that Salidroside may effectively inhibit excessive VSMCs proliferation induced by high glucose, possibly via regulating mitochondrial dynamics.
Salidroside inhibits mitochondrial fission in VSMCs cultured
in high glucose conditions. The results of the present study demonstrated that high glucose may induce increases in globular mitochondria and mitochondrial gathering. Furthermore, Salidroside and Mdivi-1 may inhibit mitochondrial fission and promote mitochondrial fusion, which is indicated by a significantly increased proportion of filamentous mitochondria (P<0.05; Figs. 2 and 3 ; with mitochondrial fusion and fission defined as globular mitochondria representing <35% or >65% of total mitochondria). As Salidroside is able to inhibit both VSMCs proliferation and mitochondrial fission, it is indicated the inhibitive effect of Salidroside on VSMCs proliferation under high glucose condition was through inhibiting mitochondrial fission.
Salidroside may inhibit mitochondrial fission in VSMCs by downregulating Drp1 and upregulating Mfn2 expression.
It is well accepted that Mdivi-1 is a specific inhibitor of Drp-1, but there is not enough evidence on the effect of it on Drp-1 in VSMCs cultured under high-glucose conditions. Salidroside and Mdivi-1 may downregulate Drp1 and upregulate Mfn2 protein and mRNA expression in a dose-dependent manner (P<0.05; Fig. 4) . Based on the aforementioned results of confocal fluorescence microscopy, it is indicated that the inhibitive effect of Salidroside on VSMCs proliferation under high glucose condition is exerted via regulation of mitochondrial dynamics, specifically the proteins associated with mitochondrial fission.
Salidroside inhibits oxidative stress in VSMCs induced by high glucose. Intracellular ROS production and NADPH oxidase activity in VSMCs was significantly increased in the presence of high-glucose (P<0.05; Fig. 5A and B) . However, Salidroside treatment resulted in a significant decrease in ROS level and NADPH oxidase activity (P<0.05; Fig. 5A and B). In VSMCs treated with different concentrations of Salidroside (0.3 and 0.5 mM) and Mdivi-1 (10 and 25 µM), the fluorescence intensity was reduced accordingly (P<0.05; Fig. 5A ). In addition, Salidroside and Mdivi-1 may also dose-dependently inhibit NADPH oxidase activity (P<0.05; Fig. 5B ). It is indicated that Salidroside, like Mdivi-1, may inhibit high-glucose induced oxidative stress, potentially through inhibition of mitochondria fission.
Salidroside inhibits high-glucose induced VSMCs proliferation by inhibiting ROS generation.
To identify the association between the effect of ROS level and Salidroside on excessive proliferation of VSMCs induced by high glucose, the present study added 25 µM H 2 O 2 to increase the ROS level in cultured VSMCs. Results indicate that exogenous ROS may stimulate VSMCs proliferation after being inhibited by Salidroside. Results demonstrated that the inhibitive effect of Salidroside on high-glucose induced hyper-proliferation of VSMCs was by significantly reducing the ROS level in the cells (P<0.01; Fig. 6 ).
Salidroside inhibits mitochondrial fission in VSMCs cultured in high glucose by directly inhibiting the sensitivity of Drp1 to ROS.
In order to identify whether ROS levels were the regulative target of Salidroside during its inhibitory effects on mitochondrial fission in VSMCs, the present study added 25 µM H 2 O 2 to cells cultured under high glucose conditions following treatment with Salidroside. H 2 O 2 partially reversed the inhibitive effect of Salidroside on Drp1 protein expression and the stimulatory effect of Salidroside on Mfn2 protein expression, though these changes were not significant (P>0.05, Fig 7A and 7B) . Similarly, no marked alterations were observed in the gene expression of Drp1 and Mfn2 between the HG + Salidroside groups with and without H 2 O 2 (P>0.05, Fig. 7C and 7D) . Based on the aforementioned results that Salidroside may downregulate Drp1 and upregulate Mfn2 expression, it is possible that Salidroside inhibits the sensitivity of Drp1 to ROS, which means it has a direct effect on mitochondria.
Salidroside inhibits oxidative stress in VSMCs cultured in high glucose by upregulating the expression of Mfn2.
To further elucidate the association between ROS, Drp1 and Mfn2 in the process of Salidroside inhibiting high-glucose induced proliferation of VSMCs. Mfn2-siRNA was added to silence Mfn2 expression following intervention with Salidroside. The results indicate that the inhibition of Mfn2 expression may in part reverse the antioxidative effect of Salidroside. The NADPH oxidase activity demonstrated a statistical difference between Mfn2-siRNA subgroup and high-glucose control group ( Fig. 8A ; P<0.05) while ROS level did not (Fig. 8B) . Therefore, it is indicated that Salidroside may upregulate Mfn2 expression to reduce the level of ROS, partly by inhibiting NADPH oxidase activity.
Discussion
The primary aim of the present study was to investigate whether Salidroside was able to protect VSMCs against high glucose-induced proliferation, ROS generation and mitochondrial dynamic imbalance in vitro. The potential mechanisms were also investigated. The data suggested that Salidroside may have therapeutic potential in preventing diabetes associated vascular diseases.
Diabetes-related vascular diseases, including coronary artery disease and cerebrovascular and peripheral vascular diseases, are the leading causes of mortality and morbidity in developed countries (28) . VSMCs contribute to the pathogenesis of vascular lesions, since their proliferation is a critical event for progressive intima thickening and development of arterial wall sclerosis. It is widely understood that hyperglycemia directly leads to detrimental changes in VSMCs phenotype and function, and may accelerate cardiovascular complications (29) . Therefore, the inhibition of VSMC proliferation may have a beneficial effect in retarding the development of atherosclerotic disease.
Salidroside is a phenylpropanoid glycoside extracted from the raw plant Rhodiola rosea and previous results have indicated its efficacy in improving endothelial function and delaying atherosclerosis (20) . In a Goto-Kakizaki diabetes rat model, Salidroside was demonstrated to perform beneficial effects on dilating vessels (21) , in addition to endothelial cells and VSMCs. Focusing on the effect of Salidroside on VSMCs cultured in high glucose, the current study demonstrated that Salidroside inhibits the excessive proliferation of VSMCs, along with altering the level of mitochondrial fission and oxidase stress.
Mitochondrial dynamics are regulated by a host of proteins, including Drp1 and Mfn2 (30) . This process is necessary in the maintenance of mitochondrial homeostasis and its dysfunction may lead to a variety of diseases (31) . It has been reported that Mdivi-1 may have a therapeutic effect on pulmonary arterial hypertension by effectively inhibiting pulmonary vascular cell proliferation and downregulating Drp1 expression (32) . In addition, Mdivi-1 was also demonstrated to reverse both the upregulation of Drp-1 and downregulation of Mfn2 in an overloaded heart-failure mouse model, thus restoring mitochondrial homeostasis (32) . Following carotid artery stenting in spontaneously hypertensive rat and Apo-E knockout mice, it was identified that thickening artery walls and hyper-proliferation of VSCMs are associated with decreased Mfn2 levels (33) . Notably, stenosis following stenting may be significantly reduced by inducing Mfn2 overexpression via viral transcription. Collectively these results indicate a close association between mitochondrial dynamic related proteins and VSMCs proliferation. However, to the best of our knowledge, there is no study concerning the therapeutic effect of anti-mitofission on VSMCs proliferation under high glucose condition. The current study demonstrated that Salidroside, like Mdivi-1 (a specific inhibitor of Drp-1), reduced high glucose-induced excessive proliferation of VSMCs. It also inhibited mitochondrial fission and rebuilt mitochondrial network homeostasis by downregulating Drp1 and upregulating Mfn2 expression at gene and protein levels with a concentration dependent manner specifically for Mfn2 expression. This means Salidroside may exert a VSMCs anti-proliferation effect under high glucose conditions via its effect on mitochondrial dynamics.
Oxidative stress is known to serve an important role in diabetic vascular injury. At high levels of glucose and/or insulin, VSMC proliferation is triggered, while the synthesis and clearance of intracellular oxygen free radicals is interrupted, resulting in ROS accumulation and increased NADPH oxidase activity (34) . This leads to oxidative stress, which may result in increased insulin resistance, while also promoting the occurrence and development of diabetes. Therefore, reduction of ROS levels by the addition of an antioxidant may significantly reduce NADPH oxidase activity and inhibit hyper-proliferation of VSMCs (35) . In conclusion, ROS levels are able to regulate the high-glucose-induced proliferation of VSMCs, but the specific mechanism has yet to be elucidated. ROS is an important product of cell metabolism in the mitochondrial respiratory chain. A number of studies have suggested that mitochondrial dynamic proteins may be important regulatory factors of ROS levels (16, 36) . In addition, previous studies have also indicated that increased mitochondrial fission was associated with ROS levels (37) . In the present study, changes in ROS levels were directly associated with the proliferation of VSMCs and related to mitochondrial dynamics. The effect of Salidroside to downregulate Drp1 and upregulate Mfn2 at a protein and gene level was not easily reversed by exogenous ROS. However, suppressing Mfn2 expression may reverse the inhibitive effect of Salidroside on ROS synthesis. Thus, Salidroside may directly impose an effect on mitochondria and also reduce ROS levels during the inhibition of VSMCs proliferation.
To the best of our knowledge, there is no information regarding the effect of mitochondrial dynamics on VSMC proliferation under high-glucose conditions. Therefore, the present study is the first to demonstrate that Salidroside may inhibit the excessive proliferation of VSMCs under high glucose conditions and its inhibitive effect is via inhibition of mitochondrial fission (downregulation of Drp1 and upregulation of Mfn2) and oxidative stress. In addition, the present study demonstrated that Salidroside is able to suppress the sensitivity of Drp1 to ROS levels. Although the exact inhibitory mechanism requires further investigation, the present study indicates that Salidroside may complete its therapeutic effect on the excessive proliferation of high glucose induced VSMCs via maintaining mitochondrial dynamic homeostasis.
The present study included a number of limitations. A major limitation was the absence of a subsequent animal experiment to observe the effect of Salidroside on vascular smooth muscle cells in vivo. In addition, while the present results indicated that Salidroside was associated with reduced VSMC proliferation under high glucose conditions, the underlying molecular mechanism remains unclear. Thus, the alleviative effects of Salidroside on a molecular level remain poorly understood and warrant further investigation. Furthermore, future clinical trials involving the administration of Salidroside to patients with DM may provide greater insight into the disease pathophysiology, and further elucidate the therapeutic potential of Salidroside.
